The nucleic acid binding cold shock proteins (CSPs) and the cold-induced DEAD box RNA helicases have been proposed separately to act as RNA chaperones, but no experimental evidence has been reported on a direct cooperation. To investigate the possible interaction of the putative RNA helicases CshA and CshB and the CSPs from Bacillus subtilis during cold shock, we performed genetic as well as fluorescence resonance energy transfer (FRET) experiments. Both cshA and cshB genes could be deleted only in the presence of a cshB copy in trans, showing that the presence of one csh gene is essential for viability. The combined gene deletion of cshB and cspD resulted in a cold-sensitive phenotype that was not observed for either helicase or csp single mutants. In addition to the colocalization of the putative helicases CshA and CshB with CspB and the ribosomes in areas surrounding the nucleoid, we detected a strong FRET interaction in vivo between CshB and CspB that depended on active transcription. In contrast, a FRET interaction was not observed for CshB and the ribosomal protein L1. Therefore, we propose a model in which the putative cold-induced helicases and the CSPs work in conjunction to rescue misfolded mRNA molecules and maintain proper initiation of translation at low temperatures in B. subtilis.
A sudden decrease in temperature is a serious challenge for all living microorganisms. The cellular reaction required for efficient adaptation to low temperatures is termed cold shock response. The cell has to cope with changes at different physiological levels, such as reduced fluidity of the membrane and slowdown of protein synthesis and protein folding (39) . Accordingly, a general decrease of protein synthesis was observed in Escherichia coli and Bacillus subtilis cells following a cold shock (9, 17) . The stress arising from a decrease in temperature can in principle be traced back to a reduction in molecular dynamics. The initiation of translation was shown to be a limiting factor for bacterial growth at low temperatures (3, 6) . In addition to the delicate interaction of the complex translation machinery, the formation of secondary structures of mRNA prevents efficient initiation of translation (12) . The tendency of RNA to fold and become kinetically trapped was described as a general problem and interferes with proper biological function (14) . The formation of unfavorable secondary structures is even more intricate at lower temperatures. In analogy to protein folding mechanisms, RNA chaperones have been proposed to resolve and prevent misfolding of RNA molecules by either destabilizing RNA duplexes or binding to singlestranded nucleic acids (21) . In the cold shock response, DEAD box RNA helicases have already been identified to destabilize RNA duplexes and the major cold shock proteins (CSPs) to bind RNA. DEAD box RNA helicases belong to the large family of DExD/H-box proteins, which generally have an RNA-dependent ATPase activity in vitro. They are involved in various cellular processes, such as ribosome assembly, initiation of translation, and RNA turnover (31, 37) . Cold-induced helicases identified so far are CsdA in E. coli (16) , ChrC in the cyanobacterium Anabaena (4), DeaD in the archaeon Methanococcoides burtonii (20) , and the putative helicases YdbR and YqfR in B. subtilis (here reassigned as CshA and CshB) (2) . CsdA of E. coli was isolated together with the ribosomal fraction after cold shock (16) and proposed to promote translation initiation (22) , to participate in assembly of the 50S ribosomal subunit at temperatures below 30°C (5), or to form the cold shock degradasome in conjunction with RNase E (29) . The CSPs belong to the large family of RNA-binding proteins containing the cold shock domain that is conserved from bacteria to humans (10, 41) . The fold of the cold shock domain consists of five antiparallel ␤-strands forming a barrel structure (30) . Two motifs, RNP1 and RNP2, containing surface-exposed basic and aromatic amino acids, are involved in binding singlestranded nucleic acids (32) . In B. subtilis, three strongly coldinduced CSPs have been identified (CspB-D). They have been discussed as RNA chaperones to facilitate initiation of translation at low temperatures (8) . For the homologous CspA of E. coli, RNA chaperone activity was demonstrated in vitro (15) . Furthermore, in vivo complementation of B. subtilis ⌬cspB ⌬cspC deletion mutants by initiation factor IF1 of E. coli (38) and a transcription-dependent colocalization of B. subtilis CspB and ribosomes surrounding the nucleoid (24) supported the hypothesis that CSPs are involved in coupling transcription and translation.
Both cold-induced DEAD box RNA helicases and CSPs have been discussed in terms of RNA chaperone activity and cold shock response. Although the possibility of the two protein types working in conjunction was suggested in a review (33) , no experimental evidence for a cooperative activity in the cold shock response has been reported. Therefore, we genetically characterized cshA and cshB in this work and addressed the question of a possible biological link between cold-induced DEAD box RNA helicases and CSPs. As prerequisites for a possible cooperation in vivo, we expected (i) close proximity of the two protein types within the bacterial cell, (ii) similar behavior with respect to their common cellular function, and (iii) accumulation of growth defects in strains containing combined gene deletions. The experimental results presented in this study support the hypothesis of a cooperative activity in vivo between the putative B. subtilis DEAD box RNA helicases CshA and CshB and the CSPs during the cold shock response.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this work are listed in Table 1 . E. coli TOP10 (Invitrogen) was used as a host for plasmid construction and was grown in liquid LB rich medium or on LB agar plates (26) containing ampicillin (100 g/ml) or kanamycin (50 g/ml), as appropriate. B. subtilis strain JH642 (trpC2 pheA1) and derivatives were grown in liquid Spizizen's minimal medium (SMM) (35) containing tryptophan (50 g/ml), phenylalanine (50 g/ml), glucose (0.5%), and trace elements. Where necessary, glucose was replaced by fructose (0.5%) and xylose (0.5%). SMM was supplemented with chloramphenicol (5 g/ml), lincomycin (25 g/ml), erythromycin (1 g/ml), or tetracycline (20 g/ml), as required.
Plasmid and strain construction. The primers used in this work are listed in Table 2 .
Construction of CB30. Flanking regions of cshA were PCR amplified from the chromosomal DNA of B. subtilis JH642 using primer pairs ydbR_P1-ydbR_P2 for the 5Ј region and ydbR_P3-ydbR_P4 for the 3Ј region. A chloramphenicol cassette was cut with the restriction enzymes SpeI and PstI from the plasmid p⌬TE. The three overlapping fragments were fused by PCR and amplified by adding primer pair ydbR_P1-ydbR_P4. Strain B. subtilis JH642 was transformed with the resulting PCR product without further treatment, resulting in deletion strain CB30 (⌬cshA).
Construction of CB40. Flanking regions of cshB were PCR amplified from the chromosomal DNA of B. subtilis JH642 using primer pairs yqfR_P1-yqfR_P2 for the 5Ј region and yqfR_P3-yqfR_P4 for the 3Ј region. An erythromycin cassette was obtained from the plasmid pDG646 (11) . The three overlapping fragments were fused by PCR and amplified by adding yqfR_P1 and yqfR_P4. Strain B. subtilis JH642 was transformed with the resulting PCR product without further treatment, resulting in deletion strain CB40 (⌬cshB).
Construction of pXkan. The pXkan plasmid is a modified pX (18) with kanamycin instead of chloramphenicol resistance. The kanamycin cassette was PCR amplified from the plasmid pDG783 (11) using primers 5Јkan783(SpeI) and 3Јkan783(SphI)II. The chloramphenicol cassette of pX was excised by digestion with SphI. Finally, the SphI-digested PCR fragment of the kanamycin cassette was inserted into the pX plasmid, resulting in plasmid pXkan.
Construction of CB3441. First, a copy of cshB was inserted in the amyE locus of B. subtilis JH642 under the control of a xylose-inducible promoter. Therefore, cshB was PCR amplified from B. subtilis JH642 using primer pair yqfR5ЈpX(SpeI)-yqfR3ЈpX(BamHI) and ligated into SpeI-and BamHI-digested plasmid pXkan. B. subtilis. JH642 was transformed with the resulting plasmid, giving strain CB41. Strain CB41 was successively transformed with the chromosomal DNA of CB30 and CB40 to delete the original cshA and cshB genes, resulting in strain CB3441 (⌬cshA ⌬cshB ⌬amyE::P xyl cshB). Construction of CB50 and CB51. 3Ј fragments of cshA and cshB were PCR amplified from B. subtilis JH642 using primer pairs 5ЈydbRpSG51(HindIII)-3ЈydbRpSG51(EcoRI) and 5ЈyqfRpSG51(HindIII)-3ЈyqfRpSG51(PstI) and ligated into the HindIII/EcoRI-or HindIII/PstI-digested green fluorescent protein (GFP) fusion plasmid pSG1151 (19) . B. subtilis JH642 was transformed with the resulting plasmids, giving strains CB50 (⌬cshA::cshA-gfp) and CB51 (⌬cshB::cshB-gfp), respectively.
Construction of KH42. A 3Ј fragment of cshB was PCR amplified from B. subtilis JH642 using primer pair KH44-KH45 and ligated into the ApaI/EcoRIdigested yellow fluorescent protein (YFP) fusion plasmid pSG1187 (19) . B. subtilis JH642 was transformed with the resulting plasmid, giving strain KH42 (⌬cshB::cshB-yfp).
Construction of KH44. A 3Ј fragment of cspB was PCR amplified from B. subtilis JH642 using primer pair KH42-KH43 and ligated into the ApaI/EcoRIdigested cyan fluorescent protein (CFP) fusion plasmid pSG1186 (19) . B. subtilis JH642 was transformed with the resulting plasmid, giving strain KH44 (⌬cspB::cspB-cfp).
Construction of KH45. First, strain KH42 was transformed with plasmid pCm::Erm (36) to exchange the chloramphenicol cassette for an erythromycin cassette. Second, strain KH44 was transformed with plasmid pCM::Tet (36) to exchange the chloramphenicol cassette for a tetracycline cassette. Finally, the erythromycin-resistant variant of KH42 was transformed with chromosomal DNA of the tetracycline-resistant variant of KH44, resulting in strain KH45 (⌬cshB::cshB-yfp ⌬cspB::cspB-cfp).
Construction of AS13 and AS14. A 3Ј fragment of rplA was PCR amplified from B. subtilis using primer pair L1up-L1dw and cloned into ApaI/EcoRIdigested CFP fusion plasmid pSG1186 (19) . B. subtilis JH642 was transformed with the resulting plasmid selecting for chloramphenicol resistance, yielding strain AS13 (rplA-cfp). Strain AS13 was transformed with chromosomal DNA from strain KH44 selecting for chloramphenicol and tetracycline resistance, generating strain AS14 (⌬rplA::rplA-cfp ⌬cshB::cshB-yfP).
Cold shock experiments. Growth experiments with B. subtilis strains were carried out as follows: 200 ml of SMM was inoculated with an overnight culture to an initial optical density at 600 nm (OD 600 ) of 0.05 and incubated in a water bath shaker at 37°C and 220 rpm. At an OD 600 of 0.5, one half of the culture was rapidly transferred to a new flask in a 15°C water bath shaker, while the other half remained at 37°C. For each growth curve, at least three independent experiments were performed.
Localization and fluorescence resonance energy transfer (FRET) measurements. Fluorescence microscopy was performed on an Olympus AX70 microscope. Cells were mounted on agarose pads containing SMM on object slides. Images were acquired with a digital MicroMax charge-coupled device camera; signal intensities and cell length were measured using the METAMORPH 4.6 program. DNA was stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 0.2 ng/ml).
FRET was performed using a CFP excitation/dichroic filter cube (or a YFP excitation/dichroic filter cube to visualize YFP fluorescence) and a MultiSpec microimager (Visitron Systems, Germany) equipped with a beam splitter and CFP and YFP emission cubes. All images were acquired using a 500-ms exposure time. FRET values were calculated by measuring fluorescence intensity in individual cells from at least 12 different fields of cells expressing no GFP fusion, CspB-CFP, L1-CFP, CshB-YFP, or CFP and YFP fusions simultaneously.
RESULTS
In a previous investigation, we detected two cold-induced genes, ydbR and yqfR, through transcriptional analysis of coldshocked B. subtilis cells (2) . The proteins encoded by yqfR and ydbR show highest similarity to cold-induced members of the DEAD box RNA helicase family. Therefore, we reassign YdbR and YqfR as CshA and CshB (cold shock helicase-like proteins) in this work.
Sequence analysis and 5 region of cshA and cshB. The helicase family features a well-conserved central domain as well as less-conserved N-and C-terminal domains. Therefore, the central domain is indicative for DEAD box RNA helicases. A database search with the core domain of CshA and CshB using the BLASTP program (1) revealed high similarity to the cold-induced DEAD box RNA helicases CsdA from E. coli (16) , ChrC from the cyanobacterium Anabaena (4), and DeaD from the archaeon M. burtonii (20) (Table 3) . Furthermore, the central domain of CshA and CshB contains all of the eight highly conserved sequence motifs that have been described for DEAD box RNA helicases. Motifs one (walker A) and five (modified walker B) are involved in ATP binding and hydrolysis (23) . It has been proposed that the N-and C-terminal domains of DEAD box RNA helicases determine their specificity for different cellular functions; however, the N-and Cterminal domains of the already identified cold-induced helicases do not share significant similarity among themselves or with other known helicases (20) . As this is also the case for CshA and CshB of B. subtilis, it is not possible to assign a specific cellular function starting from primary structure. CshA is 511 amino acids in length (57 kDa) with a predicted pI of 9.9, whereas CshB is 438 amino acids in length (50 kDa) with a predicted pI of 9.9. The basic pI of both helicases lies outside the pH range of an earlier proteomic analysis of cold-shocked B. subtilis cells (7) and accounts for the fact that they have not been detected in that approach.
The 5Ј regions of both cshA and cshB of B. subtilis share a striking feature. Analysis of the nucleotide region upstream of the start codon of cshA and cshB revealed a sequence motif highly similar to the bacterial cold box element (Fig. 1) . The cold box was proposed to be involved in the regulation of cold shock genes (28) and has been found in the 5Ј region of genes coding for both bacterial CSP and cold-induced DEAD box RNA helicases (20) . Ten out of 11 nucleotides of the cshA cold box motif are identical to B. subtilis cspB, and 9 out of 11 nucleotides are identical to E. coli cspB. Likewise, in the cshB cold box motif 8 out of 11 nucleotides are identical to B. subtilis cspB and E. coli cspB. Despite the striking similarity of the cold box element in the 5Ј region of bacterial CSPs and cold-induced helicases, the exact nature of the regulatory mechanism remains to be elucidated. Analysis of cshA and cshB deletion mutants. To evaluate the influence of CshA and CshB on the cold shock adaptation of B. subtilis, deletion mutants were constructed and tested for growth after temperature downshift. First, the B. subtilis single deletion strains CB30 (⌬cshA) and CB40 (⌬cshB) were constructed as described in Materials and Methods. In a control experiment at 37°C, growth of CB30 and CB40 was equal to that of the parental strain B. subtilis JH642. Also, after a temperature shift from 37°C to 15°C, the growth rates of both deletion mutants remained the same as control strain JH642 (data not shown). Thus, it appears that the deletion of either CshA or CshB alone does not result in a cold-specific growth defect. A functional complementation of the homologous CshA by CshB and vice versa in the single deletion strains CB30 and CB40 could possibly suppress a visible effect. To test this possibility, we attempted to construct a double deletion mutant of cshA and cshB. Interestingly, we were not able to create this double mutant, suggesting that the deletion of both cshA and cshB together is lethal for B. subtilis. This behavior resembles the analysis of CSPs in B. subtilis (cspB, cspC, and cspD), in which at least one member of the family must be present for viability (8, 27) .
Consequently, a double deletion mutant of cshA and cshB with an inducible copy of one helicase in trans was generated. A copy of cshB was integrated into the amyE locus of B. subtilis strain JH642 under control of a xylose-inducible promoter, resulting in strain CB41. Finally, in strain CB41, but not in wild-type cells, both cshA and cshB could be deleted by successive transformation with the chromosomal DNA of the single deletion strains CB30 and CB40 in the presence of xylose, resulting in strain CB3441. These experiments show that a double csh mutant strain can be generated only with a copy in trans, showing that the presence of one csh gene is essential for viability in B. subtilis. In agreement with this, a Northern blot analysis of the in trans copy of cshB showed that even in the absence of inducer a residual transcription was present, possibly due to a leaky promoter (data not shown). However, transcription of cshB was lower in the absence of xylose than in the presence of inducer. We observed growth arrest for lower levels of CshB after cold shock in B. subtilis (Fig. 2) . The absence of xylose resulted in a significant difference in growth rates after cold shock from 37°C to 15°C. Control strain JH642 still grew after cold shock, whereas the mutant CB3441 suffered a growth arrest at an OD 600 of 1. In terms of cell division, this can be interpreted as a single duplication event after cold shock before the cells stop growing. CB3441 seems to grow a little more slowly prior to cold shock, possibly due to lower levels of cshB transcription compared to the wild type. These findings indicate an essential participation of the putative mRNA helicases CshA and CshB in the cold shock response of B. subtilis.
A combined helicase/csp deletion results in slow growth after cold shock. The cold shock phenotype of the csh double mutant strain was reminiscent of that found in csp triple mutants (8) . Therefore, a genetic approach was used to establish the proposed biological link between the helicases CshA and CshB and the CSPs. As shown above, the single deletion of cshA or cshB in B. subtilis did not cause any growth defects after cold shock, as is the case with a single deletion of CSPs (8) . To investigate the effect of the combined deletion of a helicase and a CSP, strain CB40 (⌬cshB) was transformed with the chromosomal DNA of various B. subtilis csp mutant strains. It was impossible to generate a cshB cspB double mutant strain, while in parallel, CB40 could be transformed with chromosomal DNA from strain 64D (⌬cspD) (8) , resulting in strain FW8 (⌬cspD ⌬cshB). These experiments suggest that the combined loss of CshB and the major cold shock protein CspB is Growth experiments of strain FW8 compared to the control strain B. subtilis JH642 showed a cold-specific phenotype after a temperature downshift from 37°C to 15°C (Fig. 3) , revealing a strong synergistic effect between CshB and CspD. At 37°C, both strains showed the same growth (data not shown). These findings support the hypothesis that CSPs and helicases work in conjunction on an aspect that is vital for cold shock adaptation.
CshA and CshB show transcription-dependent localization at subcellular sites surrounding the nucleoids. The function of proteins is related to their site of action within the cell. Accordingly, the localization of proteins can provide information on their function. To study CshA and CshB in the threedimensional context of the cell, C-terminal GFP fusions of the proteins were generated. The GFP fusions of CshA (CB50) and CshB (CB51) are the only source of these proteins in the cell, and the transcription of the coding genes is driven by their original promoter. Figure 4 shows exponentially growing cells of CB51 (CshB-GFP) and KH45 (CspB-CFP and CshB-YFP), monitored by fluorescence microscopy. It can be seen that the helicases are not homogeneously spread throughout the cells but localize predominantly at the cell poles (Fig. 4A) . Fluorescence of CshB-GFP (Fig. 4A) was much brighter than that of CshA-GFP, suggesting that CshB is expressed at higher levels within the cell than CshA (data not shown). Strikingly, the localization of both helicases is identical to the localization observed for ribosomes and for CSPs in B. subtilis in previous studies (24, 40) . This was the first hint of a biological link between the putative mRNA helicases CshA and CshB and the CSPs.
Next, the cellular localization of CshA and CshB was monitored depending on the transcriptional activity of the cell. Such a relation has been reported for CSPs and ribosomes (24, 40) . By adding the transcription inhibitor rifampin to exponentially growing cells, the localization of the helicases was indeed abolished and they were dispersed throughout the cells (Fig. 4B) . Furthermore, like CSPs and ribosomes, the helicases were uniformly dispersed throughout the cells in the stationary phase (Fig. 4C) , where only very little transcription occurs. The transcription-dependent localization of ribosomes, CSPs, and helicases at sites surrounding the nucleoid suggests an overlapping function of CSPs and the helicases at the level between transcription and translation.
To simultaneously visualize ribosomes or CSPs together with the putative helicases, we generated C-terminal fusions of CshB to YFP and of CspB to CFP, resulting in strain KH45 (CshB-YFP and CspB-CFP). The fusions are the only source of these proteins in the cell, and the transcription of the corresponding genes is controlled by their original promoters. In strain KH45, CshB-YFP and CspB-CFP colocalized to areas surrounding the nucleoids (Fig. 4D) . Likewise, CshB-GFP and a fusion of the ribosomal protein L1 and blue fluorescent protein (BFP) colocalized at the cell poles (data not shown). These results confirm the localization of the GFP fusions of CshB and CspB.
FRET interaction of CshB and CspB in vivo. The CshB-YFP and CspB-CFP fusions were used to perform FRET experiments in growing cells. If the fusion proteins are in close proximity (1 to 5 nm), the emission of CFP can excite the YFP, and an increase of transfer fluorescence can be monitored using a FRET filter. A microimager permitted the simultaneous visualization of fluorescence in both CFP and FRET channels.
Fluorescence of excited CshB-YFP (strain KH42) was detected only in the YFP channel and not in the FRET channel, where it was identical to background levels in non-YFP-labeled cells (Fig. 5A and B) . Hence, the contribution of YFP in the FRET channel can be ignored. Average fluorescence in the FRET channel of cells expressing CspB-CFP (strain KH44) showed a ratio of 251/80 for signal fluorescence versus background (Ͼ200 cells imaged) (Fig. 5C ). On the other hand, the cells expressing both CspB-CFP and CshB-YFP (strain KH45) showed a ratio of 351/81 for signal fluorescence versus background (250 cells analyzed) (Fig. 5D) . Thus, the FRET signal of the dually labeled strain was 28% higher than that of the control strain (6 to 10% FRET values have been measured for interacting proteins in other works [25, 34] ), showing that a strong FRET interaction occurs between CSPs and helicases.
The interaction of CshB and CspB could possibly occur as a result of molecular crowding at the cell poles where both proteins and ribosomes are predominantly present. To test whether the FRET interaction of CshB and CspB is specific, a strain expressing the ribosomal protein L1-CFP and CshB-YFP was generated (AS14). The comparison of the FRET interaction in AS14 (145/81 signal versus background) and in control strain AS13 expressing L1-CFP only (142/82 signal versus background) revealed a mere 2% higher FRET signal in the dually labeled strain than the L1-CFP strain (Fig. 5E and  F) . These results show that there is no specific interaction between the ribosomal protein L1 and the helicases in vivo, supporting the statement that the FRET interaction between CshB and CspB is specific and not caused by molecular crowding of helicases, CSPs, and ribosomes at the cell poles.
As shown above, the localization of CshB and CspB depends on active transcription ( Fig. 4B and 5G ). To determine if the interaction between CshB and CspB is also dependent on active transcription, growing cells of the dually labeled strain KH45 (CshB-YFP and CspB-CFP) and of control strain KH44 (CspB-CFP) were treated with the transcriptional inhibitor rifampin. The measured FRET signal of the dually labeled strain KH45 (290/82 signal versus background) was only 5% higher than that of KH44 (276/82 signal versus background), showing that the interaction of CshB and CspB largely depends on active transcription (Fig. 5H) .
DISCUSSION
The cold shock response of B. subtilis has been well established over the past years and is therefore a suitable model system to study the possible interaction of the CSPs and the cold-induced DEAD box RNA helicases. Comprehensive studies have already dealt with the role of the CSPs in the cold shock response. However, not as much information is available on cold-induced helicases in B. subtilis. Consequently, we characterized the cold-induced DEAD box RNA helicases prior to experiments addressing the question of a possible interaction between CSPs and helicases.
For this purpose, we characterized the cold-induced proteins CshA and CshB of B. subtilis, which have previously been identified as putative DEAD box RNA helicases (2). In contrast to B. subtilis, only one copy of cold-induced helicases was reported for other microorganisms, namely, CsdA in E. coli, ChrC in Anabaena sp., and DeaD in M. burtonii (4, 16, 20) . The sequence similarity among the cold-induced helicases (Table 3) is significantly higher than among non-cold-induced helicases. This indicates a possible similar function in the cold shock response. However, so far only CsdA of E. coli was characterized with respect to its in vivo function. Several hypotheses were proposed, ranking from translation initiation to ribosome assembly (5, 22) .
With respect to the principal question of our study, it is intriguing that the cold-induced helicases CshA and CshB share several common features with the CSPs. Obviously both protein types might interact with RNA. Both are present in several copies in the chromosome. For the CSPs (CspB, CspC, and CspD), it was shown that one copy is essential for viability and that they can functionally complement each other (8) . Our genetic experiments with cshA and cshB indicate the same behavior for the cold-induced putative helicases. The single deletions of cshA and cshB did not cause a growth defect, likely because the proteins complement each other. More importantly, a combination of both single deletions was possible only when an additional xylose-inducible copy was placed in trans in the chromosome of B. subtilis, showing that one copy of a csh is essential for viability. Moreover, in the absence of the inducer, this double mutant showed a growth arrest shortly after cold shock (Fig. 2) . This cold-specific growth defect demonstrates the relevance of CshA and CshB for the cold shock adaptation of B. subtilis.
Furthermore, the regulation also shares a striking common feature. The bacterial cold box element is present in the 5Ј region of both cshA and cshB and CSPs of B. subtilis (Fig. 1) . The same cold box was reported for the 5Ј region of CSPs and cold-induced helicases of other microorganisms (20) , strengthening the general importance of this motif in the regulation of specific cold-induced genes.
To address our principal question, the interaction between putative helicases and CSPs, we first applied a genetic approach. The combination of ⌬cshB and ⌬cspD single mutations resulted in a strain with a cold-specific phenotype (Fig. 3) . As both single mutants did not show any visible growth defects after cold shock, this observation was the first hint at a functional link of the putative helicases and CSPs in the cold shock response of B. subtilis.
Previous studies already demonstrated the colocalization of CSPs and ribosomes in areas surrounding the nucleoid in a transcription-dependent manner (24, 40) . As both CSPs and ribosomes are potential interaction partners for the putative helicases, we were encouraged to initiate fluorescence microscopy experiments with CshA and CshB in B. subtilis. Our first observation of GFP fusions of CshA (data not shown) and CshB (Fig. 4A) showed that both putative helicases also localize in areas surrounding the nucleoid. In addition, the localization depended on active transcription, just as was shown for the CSPs and ribosomes before (Fig. 4B) . The dependence on active transcription indicates that the localization of helicases, CSPs, and ribosomes is an active process rather than a simple exclusion from the nucleoids. These results strongly suggest a common function of the putative helicases CshA and CshB and the CSPs at a level between transcription and translation, as was already proposed for the CSPs (13, 15) .
The localization experiments gave us some general clues about the possible interaction and cooperative work. However, the results obtained by FRET experiments led us to a more detailed picture of the interplay between the putative helicases CshA and CshB, CSPs, and ribosomes. We detected a strong FRET interaction between CshB and CspB, indicating a close proximity of these two proteins in the cell (Fig. 5D) . The observed FRET signal could have arisen from molecular crowding at the cell poles, because helicases, CSPs, and ribosomes all localize in the same area. However, we ruled out this possibility by showing that there is no significant FRET interaction between the putative helicase CshB and the ribosomal protein L1 (Fig. 5F ). Therefore, we conclude that there is a specific interaction between the helicase and CSPs in B. subtilis. Furthermore, the interaction of CshB and CspB was strongly reduced after inhibition of transcription (Fig. 5H) . This means that the interaction is an active process occurring at or on mRNA and not an unspecific attraction of the two proteins.
In general, CSPs bind to single-stranded nucleic acids, and DEAD box RNA helicases target double-stranded RNA. The close proximity observed by FRET interaction and the transcription-dependent behavior suggest that the common physiological target of both proteins is the mRNA. Based on these observations, we propose the following model (Fig. 6) . After cold shock, mRNA forms secondary structures that prevent initiation of translation at the ribosome. To rescue the mRNA, the cold-induced putative DEAD box RNA helicases CshA and CshB destabilize the unfavorable secondary structures. Freed of the secondary structures, the single-stranded mRNA can successively be bound by CSPs to prevent refolding until translation is initiated at the ribosome. Thus, we conclude that the cold-induced putative helicases CshA and CshB work in conjunction with the CSPs to ensure proper initiation of translation at low and optimal temperatures in B. subtilis.
